Abstract-A compact NRI-TL metamaterial branch-line crossover is presented that has an area of /36 × /12, and is a factor of 81 times smaller than its analogous transmissionline counterpart. Circuit simulations reveal that it exhibits a 34% −10 dB | 11| bandwidth, good isolation below −10 dB over a 22% bandwidth, and less than 0.5 dB insertion loss over a 15% bandwidth. Furthermore, the bandwidth of the device can be increased by incorporating additional branch-line sections into the structure.
I. INTRODUCTION
The design of planar microwave circuits frequently involves layout configurations where one printed signal trace crosses the path of another signal trace that is on the same layer. This is especially prevalent in microwave integrated circuits with complex circuit topologies. In such applications, a crossover is typically used to achieve the desired crossing of the signal paths, while retaining the isolation between the traces and incurring a minimal insertion loss. The simplest method to implement a crossover is to use an air-bridge or an under-pass, in order to route one trace over or under the other trace [1] . Despite its simplicity, this technique introduces an additional undesirable signal delay and insertion loss to the trace that is routed around the other trace. Furthermore, this technique cannot be applied to commonly used microstrip circuits on a two-sided printed circuit board (PCB) without adding another layer. Planar microstrip crossovers that can be implemented using a single PCB are therefore highly desirable for use in microwave integrated circuit applications.
Broadband planar crossovers have been proposed in [2] , [3] , where microstrip branch-line couplers are used in various configurations to provide the desired signal crossing over a wide bandwidth. In these designs, conventional transmission lines are used in order to implement the branch-line couplers that form the crossover structures. Each branch of the couplers has a length of /4, and therefore incurs a phase of −90 ∘ . Due to this constraint in the implementation of the couplers, the physical size of the crossovers becomes quite large, on the order of a wavelength, especially for multi-section designs that are necessary to provide a reasonable bandwidth.
In this work, the versatile phase-shifting properties of negative-refractive-index transmission-line (NRI-TL) metamaterial lines are exploited in order to design a crossover which is very compact in size, and which exhibits a reasonable bandwidth. Specifically, the NRI-TL metamaterial lines of- fer a large degree of miniaturization when operated in the backward-wave region, where the propagation constant is inversely proportional to the frequency. This property is utilized to design compact NRI-TL metamaterial lines that incur a phase shift of +90 ∘ , which are then used to replace each of the conventional transmission lines in the three-section branchline crossover structure of [3] . A similar technique has been used in [4] and [5] to create compact branch-line couplers.
II. DESIGN
The proposed three-section branch-line crossover using NRI-TL metamaterial lines is shown in Fig. 1 . Under normal operation, a signal entering Port 1 should emerge with minimum insertion loss from Port 3, while there should be maximum isolation between Port 1 and Ports 2 and 4. Each of the +90 ∘ metamaterial lines was implemented using a two-stage design, as shown in Fig. 2 . The impedance of each of the branches was chosen according to the procedure outlined in [3] , which was obtained using an even and oddmode analysis of the structure. 
of MTM = +45
∘ . Based on the impedance values for each branch, the loading-element values for each metamaterial unit cell were obtained using the full dispersion relation of Eq. (1) in [6] . These were; for 0 = 01 = 50 Ω, 01 = 3.73 pF and 01 = 9.32 nH, for 02 = 45 Ω, 02 = 4.14 pF and 02 = 8.39 nH, and for 03 = 04 = 81 Ω, 03 = 2.30 pF and 03 = 15.11 nH. These loading-element values are suitable for realization in either printed form or using chip lumped components. Furthermore, using these dimensions for each unit cell, the total area of the metamaterial crossover amounts a mere /36 × /12. This is a factor of 81 times smaller than the analogous transmission-line crossover that has an area of /4 × 3 /4.
III. RESULTS
The NRI-TL metamaterial-crossover of 
IV. CONCLUSION
A compact NRI-TL metamaterial branch-line crossover has been presented that has an area of /36 × /12, and is a factor of 81 times smaller than its analogous transmissionline counterpart. Furthermore, it exhibits a 34% return-loss bandwidth, a minimum of 22% isolation bandwidth and a 15% through bandwidth. Its uniplanar microstrip design that can be implemented on a single PCB, makes it ideal for use in microwave integrated circuit applications.
